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Neurobiology of Disease

Reduction of an Afterhyperpolarization Current Increases
Excitability in Striatal Cholinergic Interneurons in Rat
Parkinsonism

Gonzalo Sanchez, Mariano Julian Rodriguez, Pablo Pomata, Lorena Rela, and Mario Gustavo Murer
Systems Neuroscience Section, Department of Physiology and Biophysics, School of Medicine, University of Buenos Aires, Buenos Aires C1121ABG,
Argentina

Striatal cholinergic interneurons show tonic spiking activity in the intact and sliced brain, which stems from intrinsic mechanisms.
Because of it, they are also known as “tonically active neurons” (TANs). Another hallmark of TAN electrophysiology is a pause response
to appetitive and aversive events and to environmental cues that have predicted these events during learning. Notably, the pause response
is lost after the degeneration of dopaminergic neurons in animal models of Parkinson’s disease. Moreover, Parkinson’s disease patients
are in a hypercholinergic state and find some clinical benefit in anticholinergic drugs. Current theories propose that excitatory thalamic
inputs conveying information about salient sensory stimuli trigger an intrinsic hyperpolarizing response in the striatal cholinergic
interneurons. Moreover, it has been postulated that the loss of the pause response in Parkinson’s disease is related to a diminution of
I snp> @ slow outward current that mediates an afterhyperpolarization following a train of action potentials. Here we report that I ,p
induces a marked spike-frequency adaptation in adult rat striatal cholinergic interneurons, inducing an abrupt end of firing during
sustained excitation. Chronic loss of dopaminergic neurons markedly reduces I, and spike-frequency adaptation in cholinergic
interneurons, allowing them to fire continuously and at higher rates during sustained excitation. These findings provide a plausible
explanation for the hypercholinergic state in Parkinson’s disease. Moreover, a reduction of I, , ;; may alter synchronization of cholinergic

interneurons with afferent inputs, thus contributing to the loss of the pause response in Parkinson’s disease.

Introduction

Parkinson’s disease is a neurodegenerative disorder caused by the
loss of nigrostriatal dopaminergic neurons. Its main symptoms
result from a deficient dopaminergic control of striatal mecha-
nisms involved in instrumental learning and action selection and
initiation (Albin et al., 1989; Bergman et al., 1998; Schultz, 2007).
Acetylcholine released by a small population of interneurons is
another main modulator of striatal function (Pisani et al., 2007).
Because of their continuous and more or less regular firing activ-
ity (Kimura et al., 1984), which in part stems from pacemaker
mechanisms (Bennett and Wilson, 1999), cholinergic interneu-
rons are also referred to as “tonically active neurons” (TANs).
Another hallmark of TAN electrophysiology is a pause response
to rewards and sensory stimuli that induce conditioned behavior
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(Kimura et al., 1984; Apicella et al., 1991), which occurs simulta-
neously with a burst response in the dopaminergic neurons
(Morris et al., 2004). Early models of basal ganglia physiology
stressed the existence of a balance between dopamine and acetyl-
choline in the striatum, where dopamine inhibits cholinergic in-
terneurons. The loss of this balance leads to a “hypercholinergic
state” in Parkinson’s disease (Barbeau, 1962). In line with this
view, the cholinergic interneuron pause response to reward-
related cues disappears after the degeneration of nigrostriatal do-
paminergic neurons (Aosaki et al., 1994), and anticholinergic
therapy has played a major role in the treatment of Parkinson’s
disease before the L.-Dopa era (Barbeau, 1962). Previous work in
striatal cholinergic interneurons identified a lack of inhibitory
control through D, dopamine receptors (DeBoer et al., 1996;
Maurice et al., 2004) and a deficient negative feedback through
M, acetylcholine autoreceptors (Ding et al., 2006) as putative
mechanisms underlying a rise in acetylcholine release in Parkin-
son’s disease. However, the mechanism underlying the pause re-
sponse to reward-related stimuli and its loss after dopaminergic
neuron degeneration remains elusive. Current theories propose
that an intrinsic hyperpolarizing response triggered by synaptic
inputs (Reynolds et al., 2004; Wilson, 2005), alone or in combi-
nation with a slowing of pacemaking mechanisms (Maurice et al.,
2004; Ding et al., 2006, 2010), underlies the pause. Here we ask
whether the excitability of striatal cholinergic interneurons
increases in a chronic model of Parkinson’s disease, the rat
6-hydroxydopamine (6-OHDA) lesion model, which reproduces
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some of the core behavioral deficits of the A
illness (Cenci et al., 2002) and has good
predictive validity for the antiparkinso-

nian efficacy of drugs, including anticho-
linergics (Nakagawa et al., 2004).
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Lesions. A severe unilateral lesion of mesen-
cephalic dopaminergic neurons was obtained
with the neurotoxin 6-OHDA hydrobromide D
(Sigma) when the rats were 2 months old
(190-220 g), as reported previously (Tseng et
al., 2001; Zold et al., 2007). Briefly, the rats
were treated with desipramine (25 mg/kg, i.p.)
and anesthetized with chloral hydrate (400 mg/ 4
kg, i.p.). With the aid of a stereotaxic instrument
(David Kopf Instruments), the neurotoxin (8
g free base in 4 ul of 0.1% ascorbic acid) was
injected at the medial forebrain bundle [stereo-
taxic coordinates in relation to bregma accord-
ing to Paxinos and Watson (1997): anterior
—4.3 mm; lateral 1.6 mm; and 8.3 mm below
the cortical surface]. Sham animals received
only the ascorbic acid solution. The effective-
ness of the lesion was evaluated with the stepping test and further con-
firmed postmortem by means of immunohistochemistry as in previous
studies (Tseng et al., 2001; Zold et al., 2007). The stepping test was re-
peated three times between days 20 and 30 after surgery in all the rats.
Only those 6-OHDA-lesioned rats that showed less than two adjusting
steps with the forelimb contralateral to the lesion during each trial were
selected for the experiments. The 6-OHDA lesion was performed 4-8
weeks before the recordings.

Slicing. Rats were anesthetized with chloral hydrate (400 mg/kg, i.p.)
and decapitated. The brain was quickly removed, chilled in ice-cold
ACSF (low Ca*" and high Mg>™), and blocked for slicing. The tissue was
glued to the tray of a vibratome (Pelco T series 1000, Ted Pella) and
300-pum-thick coronal slices were cut (approximate distance from
bregma 1.50 mm to —0.50 mm). Slices were submerged in ACSF (low
Ca?* and high Mg?") at 34°C for at least 1 h in a recovery chamber.
ACSF composition was as follows (in mm): 125 NaCl, 2.5 KCl, 1.3
NaH,PO,H,0, 26 NaHCO;, 2 CaCl,, 1 MgCl,, and 10 glucose. For
low-Ca*", high-Mg>" ACSF, 0.5 mm CaCl, and 2.5 mm MgCl, were
used.

Electrophysiological recordings. Slices were transferred to a submersion
type chamber perfused by means of a peristaltic pump with ACSF at a
constant rate of 2 ml/min; temperature in the recording chamber was set
at 34°C with a TC-344B temperature controller (Warner Instruments).
Cells were sampled from the dorsolateral motor district of the striatum.
Visualization was achieved using an upright microscope (Nikon Eclipse)
equipped with a 40X water-immersion objective, DIC optics, and an
infrared camera connected to a monitor. Recording electrodes were
made with borosilicate capillaries shaped with a puller (P-97, Sutter),
filled with internal solution containing the following (in mm): 20 KCl,
120 K-gluconate, 10 HEPES, 3 Na,ATP, 0.3 NaGTP, 0.1 EGTA, and 2
MgCl,. Electrode resistance was 4—7 M() when submerged in ACSF.
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s

Figure 1.

-55
mV /

Properties of striatal cholinergic interneurons in adult rat slices. A, Response of a putative cholinergic interneuron to
1 depolarizing (black) and hyperpolarizing (gray) pulses. B, Shape of a spontaneous action potential. Inset, Expanded timescale.
€, Recordings of spontaneous activity from three different neurons, taken in the absence of any injected current. D, Microphoto-
graphs showing the cell body and nonspiny dendrites of a putative cholinergic interneuron labeled with Neurobiotin.

Recordings were amplified (Axopatch-1D; Molecular Devices), sampled
at 20 kHz (Digidata 1322A, Molecular Devices), and acquired on a PC
running pClamp 9.2. Cells considered for data analysis fulfilled the fol-
lowing criteria: resting membrane potential between —67 and —43 mV,
series resistance between 10 and 50 M(), and action potential amplitude
=50 mV from threshold to peak. The liquid junction potential was not
compensated. In a few cases, to prevent spontaneous firing or changes in
membrane potential due to pharmacological manipulation, minimal DC
current was injected to bring cells to the —60 mV to —70 mV membrane
potential range.

Data analysis. Measurements were performed with ClampFit (pClamp
9.2 software, Axon). GraphPad Prism version 5.00 for Windows (Graph-
Pad Software) was used for data analysis. Statistical differences were es-
tablished by either two-way repeated-measures ANOVA with Bonferroni
post hoc test or two-tailed Student’s ¢ test, depending on the number of
factors involved. Significance level was set at p < 0.05, and all data are
expressed as mean = SEM unless otherwise specified.

Computer simulations. We used a modified and updated version of the
striatal cholinergic interneuron model constructed by Maurice et al.
(2004). The model is implemented in NEURON (Hines and Carnevale,
1997), and consists of three cylindrical compartments: a 20-um-diameter,
20-pum-long soma, connected with two 2-um-diameter, 200-um-long den-
drites. Membrane conductance was 0.1 mS/cm?, capacitance 1 wF/cm?,
and axial resistivity 70 {}/cm. Equilibrium voltages for conductances
were as follows (in mV): —55 passive, 50 Na™®, =77 K*, =20 HCN
(mixed cationic current). The model includes the following conduc-
tances: fast voltage-dependent and persistent Na © (Maurice et al., 2004),
voltage-dependent K™ (Kv2, Kv4, and K) (Song et al., 1998; Wilson,
2005), Ca“—dependent K™* (BK, SK, and sAHP) (Bennett et al., 2000;
Goldberg et al., 2009) (also see Results), voltage-dependent Ca** (L and
Q type) (Yan and Surmeier, 1996; Bennett et al., 2000; Goldberg et al.,
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Figure 2.

Spike-frequency adaptation is impaired in rats with nigrostriatal lesion. 4, Representative responses to 140 (gray) and 230 pA (black) 1s depolarizing current injection in a control (left)

anda 6-0HDA rat (right) striatal cholinergicinterneuron. B, Instantaneous frequency corresponding to each interspike interval (left) and as a function of time (right, bin size 50 ms) during spike trains
elicited by 1's depolarizing current injection in control and 6-OHDA rats. Right, Separate exponential curves for each group fit the data better than a single curve for the whole dataset (with p <
0.0001 for 230 pA and p << 0.0001 for 140 pA datasets). Data are mean == SEM (circles and error bars) to whom exponentials (curves) were fitted. Dotted lines are the 95% confidence intervals of
the exponential curves. €, Number of spikes fired as a function of current intensity in both experimental groups ( p << 0.0001 lesion effect, two-way ANOVA). D, Effect of picrotoxin in the bath on the
number of spikes fired during 15 current pulses of different intensities ( p << 0.0001 lesion effect, two-way ANOVA). In B-D, data are mean = SEM. E, Subthreshold responses of control and 6-OHDA
ratinterneurons toaseries of 1scurrent pulses from —20to -+ 10 pA delivered at 10 pA steps (no TTX added; traces are mean == SEM). Significant effects of lesion ( p << 0.0001), time ( p <<0.0001),
andinteraction ( p = 0.016), in a two-way repeated-measures ANOVA ( p << 0.01, Bonferroni post hoc test for control vs 6-OHDA at “late”). F, Representative current responses to a series of voltage
commands and //V plots for a control and a 6-OHDA rat interneuron (holding at — 50 mV, steps from —120to 410 mV at A10 mV for 15, measures taken at steady state).

2009), and HCN1 and HCN2 (I, currents) (Wilson, 2005). KCNQ con-
ductance (I, current) was not included because I, blockers had no effect
on spike-frequency adaptation in control interneurons (see Results). In-
tracellular Ca?™" handling was taken from Lazarewicz et al. (2002). It was
modified to obtain Ca®" transients on the order of hundreds of millisec-
onds in response to single spikes, and a few seconds for spike trains
evoked by 230 pA, 1 s current pulses (Bennett et al., 2000). The Ca?*
handling parameters changed were as follows: the dissociation constant
of the intracellular Ca-buffer complex, from 0.5 to 1.5 ms~'; the associ-
ation constant of the calcium pump and extracellular Ca?*, from 5.00 X
10 ®t03.75 X 10 ~® wm?/s; and the total pump density, from 0.2 to 0.6
mol/cm?. The model of SK conductance was originally from Lazarewicz
et al. (2002) and modified according to Bennett et al. (2000), Goldberg
and Wilson (2009), and our present results. The model of BK was taken
from Khaliq etal. (2003). The model for HCN channels was as adapted by
Maurice et al. (2004) from Wang et al. (2001). The models for the other
conductances were as implemented by Maurice et al. (2004). The sAHP
conductance model was the same as the SK model but with slower kinet-
ics, according to Wilson and Goldberg (2006) and our own results. The
ratio slow/fast Na ™ channel density was 0.4 (Maurice et al., 2004). Max-

imal conductance densities of Na * channels were tuned to broadly fit the
membrane potential response to current pulses in the soma, and voltage-
clamp measurements (see Results). Soma densities were as follows (in
S/em?): 0.1 fast Na ¥, 0.04 slowNa™,7.5 X 10 "*Ca-L,3 X 10 > Ca-Q,
0.01 Kv2, 0.05 Kv4, 0.25 BK, 0.005 SK, 0 HCN1, and 0 HCN2. Dendritic
densities were as follows: 0.024 fast Na™*, 0.01 slow Na ™, 7.5 X 10 %
Ca-L, 0 Ca-Q, 0.01 Kv2, 0.05 Kv4, 7 X 10 ~° Ky, 0.25 BK, 0.005 SK, 9 X
10 >HCN1,and 2.5 X 10 ~* HCN2. Model files are available on request.

Results

Striatal cholinergic interneurons are more excitable in rats
with nigrostriatal lesion

In adult rats (12-15 weeks old) with or without nigrostriatal le-
sion, striatal cholinergic interneurons were recognized thanks to
their large cell body and typical electrophysiological properties
(Fig. 1): a sag in the membrane potential response elicited by
hyperpolarizing current steps, a rebound excitation after current
removal, broad action potentials, and distinctive spontaneous
firing patterns and subthreshold oscillations (Jiang and North,
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1991; Bennett and Wilson, 1999). Regardless of the lesion, adult
striatal cholinergic interneurons show spontaneous activity sim-
ilar to that previously reported in young rats (Bennett and Wil-
son, 1999), including regular and irregular firing patterns and
rhythmic bursting (Fig. 1C) (average membrane potential *
SEM when not spiking: —60.1 = 0.5 mV in control rats, n = 63,
—59.1 = 0.6 mV in 6-OHDA rats, n = 62, p = 0.2). Overall, 2 of
63 control and 3 of 62 6-OHDA interneurons showed rhythmic
bursting. However, chronic dopamine depletion markedly en-
hances the firing response of cholinergic interneurons to 1 s steps
of depolarizing current (Fig. 2A—C). In adult controls, cholin-
ergic interneurons show a marked spike-frequency adaptation,
and most cells stop firing 300-500 ms after the beginning of
current injection (“accommodation”). In contrast, fast adapta-
tion is weak in cholinergic interneurons in 6-OHDA rats, as re-
vealed by exponentials fitted to the instantaneous frequency data
shown in Figure 2 B, showing a slower decay of instantaneous
frequency in the 6-OHDA rats (for 230 pA, 1 s pulses, tau was 148
ms in controls and 370 ms in 6-OHDA rats, p < 0.0001). In
addition, cholinergic interneurons in 6-OHDA rats do not show
accommodation and thus fire up to two times more spikes than
control interneurons during a 1 s current step (Fig. 2C). Accom-
modation was not related to GABAergic input (Fig. 2 D), but had
a correlate in the input resistance of the cells, which gradually
decreases after 300 ms of subthreshold depolarization (+10 pA)
in control neurons (from 230 = 22 to 126 = 17 MQ, n = 23,p <
0.05) but remains stable in 6-OHDA rats (from 292 *+ 22 to
249 £ 28 M), n = 28, NS). Thus, input resistance at the end of a
+10 pA current pulse was higher in the 6-OHDA rats ( p < 0.01;
Bonferroni post hoc comparisons after significant lesion X time
interaction in a two-way repeated-measures ANOVA) (Fig. 2E).
In good agreement, I/V plots showed smaller current responses to
depolarizing voltage steps in 6-OHDA rats (Fig. 2 F), and conduc-
tance estimations at around threshold voltages showed a signifi-
cantly higher conductance in control rats (16.4 = 2.4vs8.9 £ 1.5
pS in 6-OHDA rats, p = 0.028, F test).

Notably, striatal cholinergic interneurons of 2-week-old rats
with acute dopamine depletion do not show changes in spike-
frequency adaptation (Fino et al., 2007). Thus, the use of adult
rats that have received a nigrostriatal lesion 4—8 weeks before the
recordings seems to have been important for detecting a defective
spike-frequency adaptation in our experiments. In fact, others
have noticed spike-frequency adaptation in striatal cholinergic
interneurons in adult rats (Jiang and North, 1991; Calabresi et al.,
1998), although it is weak or absent in young animals (Bennett et
al., 2000). Additional studies in juvenile rats (25-35 d old) con-
firmed that spike-frequency adaptation is developmentally regu-
lated (Fig. 3).

Spike-frequency adaptation has fast and slow components
and is caused by voltage-dependent potassium currents that be-
come active at depolarized potentials and/or calcium-activated
potassium currents that mediate afterhyperpolarizations (AHPs)
with different time courses (Nicoll, 1988; Storm, 1990). Striatal
cholinergic interneurons express several currents that could in-
duce accommodation, including voltage-dependent potassium
currents with properties similar to I, (Song et al., 1998; Bennett
etal.,2000), and calcium-dependent potassium currents that me-
diate a medium (mAHP) and a slow (sAHP) AHP during excita-
tion (SK and I, ,yp, respectively) (Goldberg and Wilson, 2005).
Barium blocks several potassium currents, including SK, I, and
a hyperpolarization-activated current (K;) that amplifies SAHP
in cholinergic interneurons (Wilson, 2005), but spares others,
including some components of I ,;;p (Goldberg et al., 2009) and

Sanchez et al.  Striatal Cholinergic Interneurons in Parkinsonism

>
>
o
c

w

O Adult (n=48)
®  Juvenile (n=19)

20 é\g\i

instantaneous frequency (Hz)
[e]
[N
o

number of APs

——
20 80 140 200
current (pA)

Figure 3.  Periadolescent maturation of spike-frequency adaptation in striatal cholinergic
interneurons. A, Representative responses to 140 (gray) and 230 (black) pA 1 s depolarizing
current injection in juvenile (25-35 d old) and adult (12—15 weeks old) rat striatal cholinergic
interneurons. B, Instantaneous frequency during 230 pA, 1s depolarizing current injection as a
function of interspike interval numberin juvenile and adult rats ( p = 0.0036, two exponentials
fit best the dataset, F test of best fits). C, Number of spikes fired as a function of current intensity
in juvenile and adult rats ( p = 0.007 lesion effect and p << 0.0001 interaction, two-way
ANOVA). Data are mean = SEM. Data from adults are the same shown in Figure 2, Band C.

I,, another hyperpolarization-activated depolarizing current that
shapes the AHPs (Deng et al., 2007; Oswald et al., 2009). Thus, as
a first approach toward characterizing the mechanism involved
in accommodation, we asked whether barium impairs accommo-
dation in control striatal cholinergic interneurons. Moreover, if
barium-sensitive currents mediating accommodation were re-
duced in 6-OHDA rats, the lesion would occlude the effect of
barium on the excitability of striatal cholinergic interneurons.
Bath application of barium (200 um) impaired accommoda-
tion in control interneurons, rendering them more responsive to
depolarizing current injection, but had no effect on the total
number of spikes fired by 6-OHDA rat interneurons (Fig. 4 A-C).
However, fast spike-frequency adaptation subsists under barium
in control and 6-OHDA interneurons (Fig. 4C). Moreover, bar-
ium increased input resistance at the end of subthreshold re-
sponses to depolarizing current injection in control interneurons
(from 60 * 17 to 211 = 41 MQ, n = 9, p = 0.012), but had no
effect in 6-OHDA rats (from 187 * 52 to 200 * 24 M), n = 5,
p = 0.85) (Fig. 4D). Finally, barium did not have noticeable
effects on steady-state current evoked by voltage steps in
6-OHDA rats, but markedly increased input resistance in control
interneurons, making control I/V plots more similar to those of
6-OHDA rats (Fig. 4E). Indeed, under barium, control and
6-OHDA cholinergic interneurons were almost indistinguishable
in terms of subthreshold responses to depolarizing current injec-
tion, spike-frequency adaptation, and number of spikes elicited
during current steps. Thus, cholinergic interneurons have fast
and slow adaptation mechanisms, and the data show a selective
disruption of a barium-sensitive mechanism contributing to slow
adaptation/accommodation in 6-OHDA rats.

A barium-sensitive component of I, is reduced in
parkinsonism

Evidence suggests that the pause response of TANs to reward-
related cues is an intrinsic hyperpolarization triggered by excit-
atory thalamic input (Matsumoto et al., 2001; Reynolds et al.,
2004; Deng et al., 2007; Ding et al., 2010). Currents inducing
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Figure4.  Chronic nigrostriatal degeneration mimics the effect of barium on accommodation and subthreshold responses to depolarizing current injection. A, Representative traces showing the
effect of bath administration of barium (200 wum) on the responses of striatal cholinergic interneurons to 230 pA, 1's current steps, recorded in control and 6-OHDA rats. B, Number of spikes fired
during 15 pulses as a function of current intensity in both experimental groups before and after addition of barium to the bath. Barium had a significant effect in control neurons ( p << 0.0001,
two-way ANOVA) but lacked any effect in 6-OHDA rat interneurons (NS barium effect and interaction, two-way ANOVA). C, Instantaneous frequency corresponding to every interspike interval during
spike trains elicited by 230 pA, 1's current pulses in control and 6-OHDA rats before and after addition of barium (200 wum) to the bath. Instantaneous frequency increased significantly in barium
compared to normal ACSF (significant effect of barium without group effect and interaction in a two-way ANOVA). Instantaneous frequency did not differ between control interneurons treated with
barium and 6-OHDA interneurons with or without barium ( p = 0.88, Kruskal-Wallis ANOVA comparing plateau instantaneous frequency in control +barium, 6-OHDA, and 6-OHDA +barium). D,
Subthreshold responsesto 1s, 10 pA depolarizing currentinjection in control and 6-OHDA rat striatal cholinergicinterneurons, before and after barium (200 ). Traces are mean == SEM of nneurons
per group. E, Barium effect in //V/ plots of control (left) and 6-OHDA (right) rats (holding potential —50 mV, 15 steps from —120to —20 mV at A0 mV, measures taken at steady state). Dashed
lines result from the subtraction of data in barium (gray) from data in normal ACSF (black). Barium had no effect on //V plots ininterneurons of 6-OHDA rats (NS effects of barium and interaction, p <
0.0001 for voltage command), but it markedly reduced the current evoked by voltage commands in control cholinergic interneurons ( p = 0.01 for barium, p = 0.0026 for the interaction, p <

0.0001 for voltage command). In B, C, and E, data are mean = SEM.

accommodation are good candidates for that intrinsic mecha-
nism. Among the barium-sensitive currents that can produce
slow spike-frequency adaptation are SK, I;, and I ,p. For in-
stance, classical studies link I, to spike-frequency adaptation and
accommodation in sympathetic ganglia cholinergic neurons
(Adams et al., 1982; Wang and McKinnon, 1995) and hippocam-
pal neurons (Madison and Nicoll, 1984).

In striatal cholinergic interneurons, Igy underlies an mAHP that
follows individual action potentials and regulates interspike intervals
(Bennett et al., 2000). Accordingly, interspike intervals are shorter in
control striatal cholinergic interneurons under the effect of the spe-
cific blocker of SK channels apamin, but accommodation was not
affected (Fig. 5A—C). Further suggesting that SK channels do not
account for the differences between control and 6-OHDA rats, the
peak current and decay constant of the apamin-sensitive current
evoked by a simulated action potential (Goldberg and Wilson,
2005) were similar in both groups (Fig. 5D—F). Moreover,
although striatal cholinergic interneurons express Kv7/KCNQ
channels (Cooper et al., 2001), the specific blocker of I, XE-
991 lacked any effect on accommodation (Fig. 6).

Another strong candidate to contribute to accommodation
(Nicoll, 1988; Storm, 1990) and to the interneuron response to

reward-related instructions (Reynolds et al., 2004; Wilson, 2005;
Deng et al., 2007) is I, yp. However, I ,;p may be insensitive to
barium in striatal cholinergic interneurons (Goldberg and Wil-
son, 2005). We measured I ,p using an established protocol
(Goldberg and Wilson, 2005) as the tail current elicited after large
depolarizing voltage steps (holding at —50 mV, 1 s steps to —40
to 0 mV, A10 mV, under TTX). Barium (200 uM) eliminated an
early component that contributes substantially to peak I, ,;p, but
spared a very long-lasting component (Fig. 7 A, B). Moreover, the
number of spikes fired during depolarizing current injection cor-
related with the peak I ,;;p measured in the same neuron (Fig.
7C), supporting the view that barium-sensitive I ,;p contributes
to accommodation. Importantly, peak I ,yp is reduced in rats
with chronic nigrostriatal lesion (Fig. 7D).

To be involved in spike-frequency adaptation, I ,;p should be
active at threshold after a few-hundred-millisecond depolariza-
tion. Moreover, findings reported by Reynolds et al. (2004) and
those summarized in Figures 2 E and 4 D suggest that I ,;;p may
be active at subthreshold potentials. To simulate in voltage clamp
the conditions leading to accommodation more closely, striatal
cholinergic interneurons were clamped at their resting potential
(=60 mV) and stepped for 1 s under TTX to potentials similar to
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those seen during current injection in
current-clamp (—50 mV to —38 mV, A2
mV). In this condition, a slow barium-
sensitive outward current increased in
amplitude along the steps (Fig. 7E). Im-
portantly, the current outlasted the volt-
age steps, giving rise to an almost pure
“barium-sensitive I, (Fig. 7F).

Recent studies show that different
voltage-dependent calcium currents are
coupled to I, Igx, and I, yp in striatal cho-
linergic interneurons, with dihydropyridine-
sensitive L-type calcium channels being se-
lectively coupled to I,y (Goldberg and
Wilson, 2005; Goldberg et al., 2009).
However, neither nifedipine nor nimo-
dipine impaired accommodation in stri-
atal interneurons from normal adult rats
(Fig. 8). Moreover, addition of barium
could still impair accommodation under ni-
fedipine, suggesting that accommodation is
independent of L-type calcium channel-
dependent potassium currents.

A model interneuron with reduced

I, sip behaves similarly to striatal
cholinergic interneurons after
dopamine depletion

Simulations in an updated computational
model of the striatal cholinergic interneu-
ron (Maurice et al., 2004) strengthen the
view that I ,;;p contributes to accommo-
dation (Fig. 9). The three-compartment
model neuron with fast and persistent
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apamin (0.2 ) on the responses of a striatal cholinergic interneuron to a 230 pA, 1's current pulse in a control rat. B, Instantaneous firing
frequency corresponding to every interspike interval during spike trains elicited by 230 pA, 15 current pulses in control rats before and after
addition of apamin to the bath ( p << 0.0001, one-way ANOVA, data are mean == SEM). €, Number of spikes fired during 15 pulses as a
function of current intensity before and after apamin (NS drug effect and interaction, two-way ANOVA). D, Measurement of the apamin-
sensitive current in a representative voltage-clamp experiment (holding at —62 mV, step to 0 mV for 2.3 ms). E, F, Individual measures of
SK current peak amplitude (E, p = 0.45, unpaired ¢ test) and decay time (F, p = 0.84, Mann—Whitney test) in control (open symbols) and

sodium currents, voltage- and calcium-
dependent potassium currents (K, Kv2,
Kv4, BK, SK, and I ,;p), L- and Q-type voltage-dependent cal-
cium currents, and I, captured the basic electrophysiological
properties of striatal cholinergic interneurons, including the
marked accommodation seen during depolarizing current injec-
tion (Fig. 9A). Reducing I, ,;p in the model neuron impairs ac-
commodation (Fig. 9 A, E) and produces changes in I/ V plots that
mimic very closely the effect of the 6-OHDA lesion. I, ,yp is active
at a holding potential of —50 mV both in control interneurons
and the model neuron (Fig. 9B, C), and the 6-OHDA lesion re-
duces the current that is measured at this holding potential (Fig.
9B,C). Moreover, depolarizing steps induce smaller slow out-
ward currents in 6-OHDA rats and in the model neuron lacking
I aup (Fig. 9B, D). Importantly, the model predicted that hyper-
polarizing voltage steps from a holding potential of —50 mV
would evoke reduced currents in 6-OHDA rats (Fig. 9C; see also
Fig. 4E). As I ,yp is active at —50 mV, and because of its slow
decaying time, it makes a substantial contribution to the current
measured at the end of 1 s steps when the membrane potential is
below the potassium equilibrium potential (e.g., —150 mV) (Fig.
9C). Thus, the current measured at potentials below Ey + is re-
duced in 6-OHDA rats and the model neuron lacking I, (and
also in control rats treated with barium, which is not a new find-
ing, except that this barium effect is usually attributed to the
blockade of K;, and other potassium currents).

In sum, the data show that a depolarization-activated barium-
sensitive current that operates at around-threshold membrane
potentials exerts a powerful control of excitability in striatal cho-

6-0HDA (black symbols) rats. The horizontal lines are the mean and the error bars the SEM.
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Figure6. Lackof effect of /,, blockers on accommodation. A, Representative response to 230
pA, 15 depolarizing current injection in an adult rat striatal cholinergicinterneuron in ACSF and
ACSF with XE-991 (10 wm). B, Instantaneous frequency corresponding to every interspike in-
terval during a 230 pA, 1 s current pulse (left) and number of spikes during the pulse versus
currentintensity (right) in control rats before (open symbols) and after (black symbols) addition
of XE-991 (10 wm, n = 3) or linopirdine (10 um, n = 1) to the bath (data pooled for statistical
analysis, NS lesion effect and interaction, two-way ANOVAs, data are mean = SEM).
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Figure7. [ ,pisreducedin rats with chronic nigrostriatal lesion. A, An established voltage-
clamp protocol (holding at —50 mV, 15 step from —40 to 0 mV, A10 mV) reveals a marked
Iaup (black) in a representative striatal cholinergic interneuron. Addition of 200 wum barium
(red) substantially reduced the peak current. The barium-sensitive current is shown in blue. B,
Effect of barium (200 pum) on /e at the time of the peak current (black arrow in 4, p = 0.018,
paired ¢ test) and 5 s after the end of the step command (gray arrow in 4, p = 0.27) in four
control cholinergic interneurons. C, Correlation between the number of action potentials deliv-
ered by cholinergic neurons during 15, 230 pA current pulses and the peak /. ,,,, measured after
astep to 10mV from a holding potential of —50 mVin the same neurons. Each circle isa neuron
(white are controls, n = 11, black are 6-OHDA, n = 10). D, Peak /,,,» evoked by different
voltage commands in control and 6-OHDA rats ( p = 0.002, significant lesion effect, two-way
ANOVA; same data as in €). Data are mean = SEM. E, Representative example of the slow
outward current evoked by small amplitude depolarizing voltage commandsina control neuron
before (black) and under barium (red). F, Current amplitude of the current evoked by the
voltage-clamp protocol shown in E in normal ACSF (black symbols) and after the addition of
barium to the bath (red symbols). The current was measured at the end of the voltage command
(blackarrowin E, p = 0.041) and as a tail current at its peak (gray arrow in E, p = 0.044, paired
ttests).

linergic interneurons. Moreover, a reduction of this current may
account for the lack of accommodation seen in rats with nigro-
striatal lesion. Barium-insensitive components of I, may be
called into play when cholinergic interneurons fire at high rates
and may be sufficient for the generation of spontaneous burst
firing as suggested previously (Goldberg and Wilson, 2005)
(Fig. 1D).

Reduced mAHP with normal SK current after nigrostriatal
lesion

To study in more detail the effect of the lesion and barium on
action potential properties, we analyzed phase-plane plots show-
ing the rate of change in the membrane potential (dV/dt) against
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Figure 8.  Dihydropyridines do not impair accommodation in adult striatal cholinergic
interneurons. A, Representative responses of adult rat cholinergic interneurons to 230
(gray) and 320 (black) pA 1s depolarizing current injection in normal ACSF (top), during
perfusion with 10 m nifedipine (middle) and during perfusion with 10 m nifedipine and
200 wm barium (bottom). Washout of barium with sequential application of 10and 20 um
nifedipine restored the accommodation observed in normal ACSF (n = 1, not shown). B,
Quantification of the number of spikes during the pulse (top) and the progression of
instantaneous frequency along the 230 pA pulse (bottom) in normal ACSF (open symbols)
and in the presence of dihydropyridines (black symbols; n = 4, pooled data from 2
interneurons treated with 10 um nimodipine and 2 interneurons treated with 10 um
nifedipine; two-way ANOVA rendered a significant effect of current intensity, p = 0.0004
and NS effects of the drug nor interaction). Data are mean = SEM.

the instantaneous membrane potential (Bean, 2007). In phase-
plane plots, action potentials of cholinergic interneurons look
like orbits starting with a marked change of dV/d¢ (threshold).
The first orbit in a spike train looks similar in control and
6-OHDA interneurons (Fig. 10A). The following orbits show a
slower slope in the rising phase, suggesting that interspike inter-
vals may not allow a complete recovery of the action current (Fig.
10A). Moreover, an inflection in the repolarizing phase of the
action potential becomes more marked during the train, proba-
bly because of the inactivation of BK calcium-activated potas-
sium channels, which are known to contribute to action potential
repolarization in cholinergic interneurons (Bennett et al., 2000;
Goldberg and Wilson, 2005). Quantitative comparisons between
action potentials from control and 6-OHDA rat interneurons are
provided in Table 1. The lesion does not affect action potential
width, which depends on I ;. However, it has an effect on mAHP
amplitude, despite the fact that I is not affected by the lesion
(Fig. 5). This lesion effect is more marked in spikes occurring at
the time at which accommodation takes place in control neurons
(Table 1), suggesting a contribution of I, to the mAHP. An
unexpected finding was that the first action potential in the train
is of higher amplitude in 6-OHDA rats. Finally, the model in-
terneuron with reduced I ,;p shows a 30% smaller mAHP with
normal action potentials. Thus, the lesion may induce subtle ac-
tion potential changes that are not related to a reduction of I 5 yyp;
nevertheless, a reduction of I ,;p stands as the more plausible
explanation for the lesion-induced changes in spike-frequency
adaptation.
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Amodel striatal cholinergicinterneuron lacking /4 sShows impaired accommodation and voltage-clamp responses similar to 6-OHDA rat interneurons. A, Responses of representative

control and 6-OHDA rat interneurons (left) and the corresponding model interneurons (right) to current injection. Elimination of /;,,,, impairs accommodation in the model interneuron (“6-OHDA").
Current pulses: s, —250 pA (gray) and 230 pA (black). B-D, Comparisons between real and simulated voltage-clamp experiments, with representative traces and //V/ plots. B, Response of striatal
cholinergicinterneurons (left) and the model interneuron (right) to 1s depolarizing voltage steps from a holding potential of —50 mV (A10 mV, measures taken at arrowhead). Note the reduced
outward currents in interneurons recorded from 6-OHDA rats and the model interneuron lacking /,,,p, and the effect of barium on //V plots from control cholinergic interneurons. €, Responses to
hyperpolarizing voltage steps (holding at —50 mV, A10 mV, measures taken at arrowhead, see text for details). D, Voltage-clamp protocol designed to study in more detail the slow current
activated by around-threshold voltage steps (—50 mV to —38 mV, A2 mV) from a holding potential that is closer to the subthreshold membrane potential of cholinergic interneurons (— 60 mV).
Measures for the //V plots are the difference between arrowheads. Data in the //V/ plots from recorded interneurons are mean = SEM of n neurons.

Nigrostriatal lesion delays transition from repetitive spiking
to silence during prolonged excitation

Striatal cholinergic interneurons fire tonically in vivo and can
show pacemaker-like activity in slices (Bennett and Wilson,
1999) (Fig. 1), suggesting that intrinsic mechanisms allow them
to buffer synaptic influences and fire at a preferred frequency.
Repetitive spiking results from an interplay between inward and
outward currents that are faster than I ,;;p (Bennett et al., 2000;
Maurice et al., 2004). However, as the slow outward current de-
scribed here is active at threshold, it seemed very likely that re-
petitive spiking would change after chronic dopamine depletion.
One method to investigate oscillatory behavior in neurons is
by forcing transitions between quiescent and repetitive spiking
states by smoothly increasing or decreasing injected current
(Izhikevich, 2007). We forced cholinergic interneurons into a
quiescent state with hyperpolarizing current and then delivered a
slowly depolarizing ramp followed by a symmetric hyperpolariz-
ing ramp (Fig. 11 A). In the transition from quiescence to spiking,
the minimal current needed to induce firing (threshold) was sim-
ilar in interneurons of control (36 = 10 pA, n = 28; —41.9 = 0.6
mV) and 6-OHDA (30 £ 13 pA, n = 12; —41.9 = 2.4 mV) rats.
After the first spike, instead of increasing as depolarizing current
increased, firing rate reached a preferred frequency in both ex-
perimental groups, but the preferred frequency in 6-OHDA rats
(22.9 £ 1.5Hz) doubled that in controls (11.4 * 0.7 Hz, unpaired
t test, p < 0.00001) (Fig. 11B,C). Eventually, all interneurons

suffered a transition from repetitive spiking to quiescence during
the depolarizing ramp or after slope reversal. Note that this tran-
sition takes place despite substantially more depolarizing current
flowing into the cell body (841 = 33 pA in controls, 750 * 58 pA
in 6-OHDA rats) than in the transition from quiescence to spik-
ing (see above, threshold). Importantly, control interneurons
stopped firing early during the depolarizing ramp or shortly after
slope reversal (median: 3.48 s, 95% confidence interval: 3.38—
3.57 s), whereas 6-OHDA rat interneurons could still spike long
after current started to ramp down (median: 3.76 s, 95% confi-
dence interval: 3.48—4.08 s; p = 0.013, Kruskal-Wallis ANOVA).
Note also that the switch from repetitive spiking to quiescence in
control interneurons may take place abruptly, without a preced-
ingincrease in firing rate, or be preceded by a few short interspike
intervals (Fig. 11A), resembling transitions from tonic firing to
pauses as seen in TANs in relation to reward-related stimuli
(Kimura et al., 1984; Apicella et al., 1991; Aosaki et al., 1994;
Matsumoto et al., 2001; Blazquez et al., 2002; Ravel et al., 2003;
Morris et al., 2004).

Thus, the data strongly argue that striatal cholinergic in-
terneurons show sharp transitions from quiescence to repetitive
spiking and from repetitive spiking to quiescence, where the lat-
ter quiescent state tolerates strong somatic excitation (Prescott et
al., 2006; Izhikevich, 2007; Prescott and Sejnowski, 2008). In rats
with chronic nigrostriatal lesion, the transition to repetitive spik-
ing is normal, but the preferred firing frequency is two times
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ACSF (left) and in the presence of barium (right). See Table 1 for quantitative comparisons.

higher than in controls, and repetitive spiking is sustained for
longer during excitation, probably because of the reduced mod-
erating action of I, p.

Discussion

Striatal cholinergic interneurons undergo a dramatic increase in
excitability in chronic dopamine deficiency, which translates into
reduced spike-frequency adaptation and a twofold increase in
preferred frequency of repetitive spiking. These changes are re-
lated to a diminution of a slow depolarization-activated outward
current that contributes substantially to I ,p.

I app 1s related to a variety of computational properties of
neurons, including spike-frequency adaptation (Adams et al.,
1982; Madison and Nicoll, 1984), gain of input-to-output trans-
formations (Zhang and Arsenault, 2005; Thurley et al., 2008) and
preference for spike-time or spike-rate coding (Prescott et al.,
2006; Prescott and Sejnowski, 2008). Despite its importance, its

50 mV

Normal action potential orbits in 6-OHDA rats. A, The left column shows the spike trains depicted in Figure 24 in
successively expanded timescales (from top to bottom). The two right columns show phase-plane analysis of the spikes shown at
the left. Note that the rising and falling phases of action potentials become slower during spike trains in control (middle) and
6-OHDA (right) rat interneurons. B, The left column shows in an expanded timescale the first spike of each spike train shown in
Figure 4 A, which correspond to interneurons recorded in a control (top) and a 6-OHDA (bottom) rat, without (black traces) and with
(gray traces) barium in the bath. The two right columns show phase-plane analysis of the spike trains shown in Figure 4 Ain normal
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molecular correlates remain unidentified
(Stocker, 2004). Indeed, I ;;p may be re-
lated to different calcium and voltage-
dependent molecular entities in different
neurons (Faber and Sah, 2005; Tzingounis
and Nicoll, 2008). In striatal cholinergic in-
terneurons, Ip is often perceived as a
barium-insensitive current activated by cal-
cium load during long subthreshold depo-
larizations and spike trains (Goldberg and
Wilson, 2005; Goldberg et al., 2009). Pub-
lished findings gave hints about the exis-
tence of different slow outward currents in
striatal cholinergic interneurons (Songetal.,
1998; Bennett et al., 2000; Goldberg and
Wilson, 2005); however, our dissection
of I s yp into two depolarization-activated
components based on barium sensitivity
is novel. Our results indicate that the
barium-sensitive component is primarily
responsible for accommodation and that
its reduction accounts for the poor spike-
frequency adaptation seen in rats with
chronic nigrostriatal lesion.

Based on current literature, a reduced
sensitivity of I ,p to calcium or a reduc-
tion of the calcium available to activate
I app could explain the increased excit-
ability in the parkinsonian condition. An
intriguing finding of the present study is
that blocking L-type voltage-dependent
calcium channels with dihydropyridines
does not impair accommodation. How-
ever, I ,yp is selectively coupled to L-type
dihydropyridine-sensitive calcium chan-
nels in striatal cholinergic interneurons
(Goldberg and Wilson, 2005; Goldberg et
al., 2009). Moreover, I (action potential
half-width did not change) and I
(apamin-sensitive current did not change),
and presumptively their calcium regulation
through Q-type and N-type voltage-
dependent calcium channels (Goldberg
and Wilson, 2005), were not altered by the
lesion. Thus, the current we call here
barium-sensitive I ,;;p may be coupled to
calcium sources through an unrecognized
mechanism or be an uncommon I,;-like current lacking sensitiv-
ity to typical I, blockers (Tzingounis and Nicoll, 2008). There-
fore, it may be different from the dihydropyridine-sensitive
barium-insensitive I,,;p component that mediates slow bursting
in cholinergic interneurons (Figs. 1C, 7A) (Goldberg and Wilson,
2005). Further studies are needed to unveil the molecular mech-
anisms leading to I, reduction in parkinsonism.

Spike-frequency adaptation is defined as a decrease in firing
rate during sustained current injection, but the underlying mech-
anisms have far-reaching consequences on the function of neu-
rons (Izhikevich, 2007). Some consequences of counterbalancing
excitation at and below threshold are regulating the duration of
spike trains and interspike intervals and inducing oscillatory be-
havior. Concerning oscillatory behavior, striatal cholinergic in-
terneurons show an intrinsically generated oscillatory spiking
pattern with a frequency of 3-10 Hz, which is about the firing rate
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Table 1./, contributes to the mAHP in striatal cholinergic interneurons

Sanchez et al.  Striatal Cholinergic Interneurons in Parkinsonism

Control rats 6-OHDA rats Control rats + barium 6-OHDA rats + barium
First action potential in spike train
Threshold (mV) —41.1+16 —442*£19 —428 £14 —46.5 18
Max rising phase slope (mV/ms) 218.0 = 13.8 260.8 = 18.5 2209 9.0 230.6 = 11.9
Amplitude (mV)“ 794+ 3.0 872+ 3.1 87.8 £2.0 940 *+ 2.2
Width at half amplitude (ms)® 0.45 = 0.01 0.50 = 0.02 0.61 = 0.02 0.67 = 0.02
mAHP amplitude (mV)* 17914 128 £15 295+ 06 740 = 1.1
Last control action potential and time-matched action potential in 6-OHDA rats
Threshold (mV) —481+08 —486 £ 1.1 —451 %16 —488 £13
Max rising phase slope (mV/ms)“ 2073 = 11.8 1975 £ 13.6 146.0 = 14.8 166.5 + 12.2
Amplitude (mV) 87019 91.9 = 2.1 80.0 = 3.8 89.1+36
Width at half amplitude (ms)® 1.10 = 0.08 1.18 £ 0.07 231*+039 1.98 £ 0.24
mAHP amplitude (mV)" 103 £ 0.6 6.5+ 0.6 57*+05 49 *+04

Parameters are from spike trains evoked with 15,230 pA current pulses. Data are mean == SEM of n = 10 control interneurons and n = 16 interneurons from 6-OHDA rats. Amplitudes were measured from threshold. Statistical testing was

performed with a two-way ANOVA with before and after barium being considered as a repeated measure.

“Significant lesion (p = 0.01) and barium effects (p = 0.0064) without interaction.
USignificant barium effect (p < 0.0001) without lesion effect and interaction.

“Significant barium effect (p << 0.0001) and interaction (p = 0.0003), NS lesion effect (» = 0.8). Bonferroni post hoc comparisons show more significant effects of barium in control (p << 0.001) than 6-0HDA rats (p < 0.05).
%Significant barium effect (p = 0.0002) without lesion effect and interaction. The increased excitability under barium may compromise recovery of the action current. Note that barium has no effect on the first spike rising phase slope.

“Significant barium effect (p < 0.0001) without lesion effect and interaction.

Significant barium effect (p < 0.0001), lesion effect (» = 0.0052), and interaction (p = 0.0001). Bonferroni post hoc comparisons show a significant difference between groups before barium (p < 0.001), which becomes NS under barium
(p > 0.05). Moreover, barium had a more significant effect in controls (p << 0.001) than 6-OHDA rats (p << 0.05).
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Aosaki et al., 1994; Matsumoto et al., 2001; Blazquez et al., 2002;
Ravel et al., 2003; Morris et al., 2004). Finally, dopaminergic neu-
rons fire a burst in coincidence with the pause in TANs during
behavioral conditioning (Morris et al., 2004). In this context of
afferent signals informing about outcomes and reward-related
cues, several intrinsic mechanisms may contribute to the pause
response. Currents mediating AHPs are candidates to underlie
the pause (Reynolds et al., 2004; Wilson, 2005). According to one
view, synaptic inhibition interacts with a hyperpolarization-
activated barium-sensitive outward current (K;) to trigger a re-
generative “all-or-none” hyperpolarization with a time course
similar to the SAHP (Wilson, 2005). However, in vivo intracellu-
lar studies show that excitation induced by depolarizing current
injection, but not hyperpolarizing current, causes an interrup-
tion of regular spiking in striatal cholinergic interneurons (Reyn-
olds et al., 2004; see also Deng et al., 2007). Moreover, a recent
slice study shows that thalamic stimulation induces a burst-pause
response in striatal cholinergic interneurons regardless of
GABA, receptor blockade, indicating that excitatory afferents do
not need to engage local GABAergic circuitry to induce a pause
(Ding et al., 2010). Similarly, Oswald et al. (2009) reported that
cortical stimulation induces GABA-independent hyperpolariz-
ing responses in striatal cholinergic interneurons. Although these
findings do not rule out a contribution of inhibitory input to the
pause in natural settings, they suggest that direct synaptic excita-
tion of cholinergic interneurons may be sufficient to trigger a
pause.

Depolarization may induce an intrinsic pause by different
mechanisms. It may deactivate inward currents with slow kinetics
that contribute to pacemaking, like I, so that, when afferent
excitation recedes, the membrane potential may fall below the
level at which tonic firing is possible (Oswald et al., 2009). Alter-
natively, depolarization may recruit outward currents with slow
kinetics like I 5 1;p. A simplified view of how I, ;;p contributes to a
pause has led to equaling the pause with sAHP. However, natural
pauses are briefer (~200 ms) than sAHP (several hundred milli-
seconds to seconds). In fact, as TANS fire a few times per second,
changes in the timing of a few spikes in every trial are what, after
adding tens of trials, is seen as an excitation followed by a pause
in the perievent histograms that usually illustrate neuronal re-
sponses in behavioral studies [for examples, see Kimura et al.
(1984), their Fig. 1, or Morris et al. (2004), their Fig. 4]. We favor
a view where barium-sensitive I ,p is active in a more graded
and tonic fashion, depending on the previous history of the mem-
brane potential. Because of its slow time course, a sudden reduc-
tion in afferent excitatory activity may leave its influence
unbalanced, resulting in a pause. This is probably why in our
ramp experiments most cholinergic interneurons abruptly stop
firing when depolarizing current starts to ramp down (Fig. 11A)
despite the fact that the amount of current flowing into the cell
body remains well above the threshold current defined during the
ramp. Importantly, the excitatory thalamic input that drives the
response of TANs to reward-related events shows a very specific
temporal pattern, consisting in an increase in firing followed by a
period of reduced activity and a delayed second wave of excita-
tion (Matsumoto et al., 2001). Notably, the pause in TANs coin-
cides very precisely with the interval of reduced firing in
excitatory thalamic neurons (Matsumoto et al., 2001). Thus, the
pause response, rather than reflecting a stereotyped response like
the sAHP, may result from more subtle influences of I,y and
other currents on the ability of cholinergic interneurons to syn-
chronize within the thalamostriatal network (Izhikevich, 2007).
Recent studies show that the availability of slow currents like I,
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and I ,yp favors spike-time over spike-rate coding and promotes
synchronization with excitatory input signals (Prescott et al.,
2006, 2008; Prescott and Sejnowski, 2008). In this context, a re-
duction of I ,;p may compromise the ability of striatal cholin-
ergic interneurons to synchronize with excitatory inputs from the
thalamus, leading to a degradation of TAN responses to reward-
related events in parkinsonism.

How does the diminution of barium-sensitive I ,p relate to
dopamine depletion? Ding et al. (2006) showed that dopamine
depletion leads to a loss of muscarinic autoreceptor control in
striatal cholinergic interneurons. Muscarinic autoreceptors in-
hibit cholinergic interneurons through a slow barium-sensitive
potassium current (Calabresi et al., 1998), which resembles the
M-current that mediates muscarinic receptor actions in other
cholinergic and noncholinergic neurons (Nicoll, 1988). Impor-
tantly, muscarinic agonists reduce the rate of pacemaking in striatal
cholinergic interneurons, partly through effects on a barium-
sensitive potassium current, and this effect is lost in an animal model
of Parkinson’s disease (Ding et al., 2006). Finally, cholinergic mod-
ulation of I; and I ,;p has dramatic effects on spike-frequency ad-
aptation and the types of bifurcations (transitions between spiking
and quiescent states) a neuron can pass through (Stiefel et al., 2009).
In turn, a higher preferred frequency of firing and an altered encod-
ing of salient sensory events in cholinergic interneurons may trans-
late into abnormal synchronization of striatal cell assemblies
(Carrillo-Reid et al., 2009) and a biased gating of cortical signals
through the indirect basal ganglia pathway (Ding et al., 2010), con-
tributing to the origin of Parkinson’s disease symptoms.
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